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ABSTRACT 
CATHERINE M. ABADIE: A Study of the Impact of pH on the Structure and Stability 
of Epithelial Cadherin 
(Under the direction of Susan Pedigo) 
 
Epithelial (E-) cadherin is a transmembrane protein whose function lies in cell-to-
cell adhesion.  It is a transmembrane component of adherens junctions of epithelial 
tissues, thereby connecting the actin cytoskeletons of adhered cells.  It has five 
extracellular domains, a small transmembrane portion, and a cytoplasmic tail.  The 
molecule must bind calcium in order to form an adhesive dimer with a cadherin molecule 
emanating from an adjacent cell.  Cancer of the epithelial tissue, carcinoma, is 
accompanied by acidification of the tissue and a loss in cell adhesion.  The long-term 
goal of this project is to determine the effect of a decrease in pH on the stability and 
function of adherens junctions.  Toward that end, these experiments investigate the 
effects of pH on the thermal stability of the first two extracellular domains of E-cadherin 
(ECAD12).  Due to E-cadherin’s anionic character, we hypothesize that a drop in the pH 
of the extracellular environment would stabilize the protein in its apo-state, while 
simultaneously decreasing its ability to bind calcium.  Additionally, based on results on 
the effect of salt and decreased pH on dimerization by N-cadherin, we would expect that 
the level of dimer would increase as surface charges are neutralized either by protonation 
at lower pH or addition of salt.  We used circular dichroism (CD) spectroscopy to study 
the stability of the protein as we decreased the pH from 7.4 to 5.5.  Contrary to what we 
originally expected, our results indicated that protonating the residues in this range did 
not have a noticeable effect on the protein’s stability.  However, studies conducted on the 
 v	  
salt-dependence of stability at physiological pH found that electrostatic repulsion plays a 
small role in stability.   From these studies of the pH dependence of stability, we 
conclude that, either electrostatic repulsion by charged amino acids have only a minor 
effect on protein stability or that relevant residues have pKa values that are outside of a 
physiologically relevant range.  A preliminary study of the effect of salt on the formation 
of dimer was also performed using a kinetically-trapped mutant of E-cadherin.  These 
chromatographic studies showed a distinct increase in the level of dimer in the presence 
of salt confirming our hypothesis that electrostatic repulsion plays a role in attenuating 
the affinity of the adhesive dimer in classical cadherins. 
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INTRODUCTION 
 
Cadherins are a family of calcium-dependent proteins whose primary function lies 
in composing the transmembrane portion of adherens junctions (Figure 1).  The most 
commonly studied sub-group of these proteins is the type I, or classical, cadherin, which 
includes epithelial (E-), neural (N-), and placental (P-) cadherins, so named based on the 
location in the body where each particular type was originally found.  E-cadherin, of 
particular interest to us, is typically found in epithelia and inhibitory synapses along 
dendritic shafts in the central nervous system.1   
 
	  
Figure 1:  Schematic of important junctions in differentiated epithelial tissue.  Adherens 
junctions between two epithelial cells are the first junctions to form in developing tissues.  
Subsequently, additional contacts between adherent cells and to the extracellular matrix form as 
well as localization of receptors to specific cell surfaces. 
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Cadherins function by linking the actin cytoskeletons of neighboring cells through 
a strand-swapped dimer interface.  Tension in the adherens junction creates tension in the 
intracellular actin cytoskeleton network, which controls cell physiology.2  This adhesion 
process helps to form a responsive tissue that is capable of sensing changes in its 
environment and subsequently responding to them.  Because of their importance in 
development and maintenance of normal tissue, we are interested in the molecular basis 
for their function. 
Classical cadherins are composed of single polypeptide chains that exist in three 
separate milieu: an N-terminal extracellular (EC) region, a small region passing through 
the cell membrane, and a C-terminal region within the cell’s cytoplasm that connects the 
protein to the cell’s cytoskeleton.  The extracellular region is comprised of five modular 
domains, each takes the form of a seven strand beta-barrel structure in a Greek key motif 
(Figures 2 and 3).3  Studies reported in this thesis are directed at the molecular basis of 
the function of the extracellular region. 
a.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   b.	  
Figure 2: a) Domain construct of epithelial cadherin showing N-terminus, 5 extracellular 
domains, transmembrane region, and cytoplasmic C-terminus.  We study the first two domains 
because they comprise the minimal functional unit needed for cadherin function.  b) Flattened 
representation of Greek key motif seen in cadherin. 7 anti-parallel β-folded protein sheets come 
together to form each of the barrel-like domains seen at left. 
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Figure 3: The first two extracellular domains of ECAD12: Sheets A through G are colored red, 
orange, yellow, green, blue, cyan, purple in each domain.  EC1 is on the left and EC2 on the right. 
Calcium ions are shown in yellow. (1edh.pdb4 in visualized using PyMol5)   
 
At the interface between each of the modular extracellular domains is a binding 
pocket for calcium ions (Figure 4).  Three calcium ions are bound by side chain 
carbonyls and carboxylates in the loop regions that connect the strands within the 
modular domains and in a short 7-residue linker segment that connects the modules 
themselves.6   
	  
Figure 4: Calcium binding pocket between domains 1 and 2 of epithelial cadherin.  Calcium ions 
are shown in yellow.  The residues that chelate calcium ions from EC1 (blue), from the linker 
region (black) and from EC2 (red) are shown. 
 
In the absence of calcium, the structure of the extracellular region of the protein is 
somewhat collapsed.7  In the presence of calcium, the extracellular region forms a curved, 
but rigid structure.7, 8   
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The N-terminal EC-module has a particular structure that is relevant to cell 
adhesion.  The adhesive interface is a strand-swapped structure that is formed by mutual 
exchange of the βA-strands of participating protomers.6  In position 2 of the βA-strand is 
a tryptophan.  As the strand-swapped dimer forms, it undocks from the hydrophobic 
pocket on its protomer and crosses over to dock in the hydrophobic pocket of its partner 
at the adhesive interface.  Likewise, an attractive ionic interaction between the positively 
charged N-terminus and the negative charged side chain of glutamate 89 form a favorable 
interaction in the strand-swapped structure.9  Thus, there are noncovalent interactions that 
support the stability of the adhesive dimer due to exchange of the βA-strands. 
The formation of the adhesive dimer requires the binding of calcium.  Once 
calcium is introduced to the extracellular environment, however, the molecule 
experiences a significant amount of strain as a closed monomer.10  This conformational 
strain is relieved by the swapping of N-terminal β-strands of two cadherins from adjacent 
cells.  As such, relief of the intramolecular strain in the “closed” monomer serves to also 
stabilize the strand-swapped dimer.  The first two of the extracellular domains of both E- 
and N- cadherins compose the minimal functional unit needed for dimerization.  For this 
reason, we use the first two EC domains of E-cadherin (ECAD12) in our experiments as a 
model system for calcium-linked dimerization. 
The pH of the cellular environment in humans is typically between 7.4 and 7.2, 
but can dip to as low as 6 in extenuating circumstances, such as ketoacidosis,11 anaerobic 
glycolysis,12 metastatic cancers,13 and extreme neurological synaptic activity.14  The 
amino acid sequence of E-cadherin consists of many acidic residues.  Because of the 
anionic nature of the side chains on these residues, decreasing extracellular pH can have 
 	  	   5	  
major consequences.  The hydrophilic nature of these charges leads to them being 
commonly found on the surface of proteins.  Non-polar residues are often tightly packed 
in the protein’s interior, due to their hydrophobic characteristics.  ECAD12 contains a 
number of charged residues with surface areas that vary over a wide range throughout the 
molecule, from being completely buried to completely exposed.  These ionic residues 
include seventeen negatively charged aspartate residues and an equal number of 
negatively charged glutamate residues.  N-cadherin has fewer anionic residues than E-
cadherin (Table 1).   
Table 1:  Amino acid composition of core domains for E- and N-cadherinsa AAb	   ECAD12	   ECAD1	   ECAD2	   NCAD12	   NCAD1	   NCAD2	  D	   17	   7	   10	   17	   9	   8	  E	   17	   10	   7	   9	   4	   5	  H	   2	   1	   1	   3	   2	   1	  K	   12	   8	   4	   4	   2	   2	  R	   6	   4	   2	   12	   9	   3	  Total	  aa	   219	   106	   113	   221	   106	   115	  pI	   4.22	   4.62	   3.86	   4.44	   5.46	   3.94	  charge@7	   -­‐15.8	   -­‐4.9	   -­‐10.9	   -­‐9.7	   -­‐1.8	   -­‐7.9	  
a http://www.innovagen.se/custom-peptide-synthesis/peptide-property-calculator/peptide-
property-calculator.asp 
b Amino Acids: D- Aspartate (Asp), E- Glutamate (Glu), H- Histidine (His), K- Lysine 
(Lys), R- Arginine (Arg) 
 
 Figure 5 compares an alignment of the primary structures of E- and N-cadherin, 
reflecting the similarities and differences in the location of charged amino acids.  Some 
of these charged residues are conserved and some are not.  The interesting acidic residues 
in EC1 that are different between the two proteins are: glutamate 16 in ECAD12 vs. 
proline 16 in NCAD12; glutamate 14 in ECAD12 vs. serine 14 in NCAD12; glutamate-
arginine-glutamate 54-56 in ECAD12 vs. uncharged amino acids in NCAD12; and 
aspartate 82 in NCAD12 vs. serine 82 in ECAD12.  In these studies, we are not as 
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interested in the basic residues because their protonation state will not change in the 
range of pHs explored.  Histidine’s pKa can vary, and so those residues are of interest as 
well.  There is an extra Histidine in NCAD12 at position 75.  It is most likely that this 
position is at least 50% protonated at all pHs explored, but it is possible that its pKa can 
be decreased enough that its protonation state changes. 
 
 
Figure 5: Sequence comparison of E-cadherin (top) and N-cadherin (bottom).  Sequences for E- 
and N-cadherin are aligned.  Double dots represent a sequence identity, a single dot represents 
sequence similarity.  The two sequences are more alike than dissimilar.  Residues with ionizable 
side chains are highlighted in gold.     	  
 
The pKa of amino acids in ECAD12 with ionizable side chains will be affected by 
their surface exposure in the folded tertiary structure.  In addition, it is possible that the 
pKas of residues that are buried in the strand-swapped interface will also be perturbed.  In 
general, we would expect ionizable residues to be exposed on the surface of the protein 
since they are hydrophilic.  In the case of cadherin, there is the additional interest in the 
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acidic amino acids that comprise the calcium binding sites.  These residues may be 
partially or completely buried, and their interaction with solvent will depend upon 
ligation state, and may, therefore, have perturbed pKa values.  The relationship between 
pKa values and the amount of an amino acid’s surface area that is accessible to the 
solvent will be explored as a part of the work presented in this thesis. 
 We make the following predictions regarding the effects of protonating the 
negatively charged side chains found in ECAD12.  We believe that altering the pH of the 
extracellular environment will, in turn, alter the stability of the molecule.  The concept 
behind this assertion is that a protein with excess acidic residues (ECAD1- K/R = 12, D/E 
= 17; charge at pH 7 = -5; Table 1) will experience electrostatic repulsion between 
regions within the same polypeptide.  Further, depending on the topology of the folded 
structure, the alleged electrostatic repulsion could destabilize the domain.  Making the 
ionic interactions within the molecule more repulsive (caused by an increase in pH) ought 
to have a destabilizing effect on the protein, however by lowering the pH we should make 
the ionic interactions less repulsive and stabilize the molecule’s tertiary structure.  
Additionally, decreasing the pH and protonating the anionic side chains of ECAD12 will 
introduce H+ ions that compete with the calcium ions for binding sites between the EC 
domains.  Dimerization of ECAD12 depends on calcium ion binding.  It stands to reason 
that if calcium binding is decreased due to protonation in acidic solutions, we can expect 
to see a decrease in the calcium-dependent formation of dimer.     
Recent data from our laboratory has indicated that just the opposite effect is 
observed in pH-dependent studies of NCAD12.  Rather than decreasing the level of 
dimer, a decrease in pH increases calcium-dependent dimerization in NCAD12.  Further 
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studies of the effect of added salt on dimerization supported the idea that electrostatic 
repulsion attenuates dimer affinity.  Anionic charges on protomers cause a decrease in 
dimer affinity; attenuation of charges leads to an increase in dimer affinity.  We extended 
this idea to propose that classical cadherins with excess anionic character would have 
decreased dimerization affinity.  Thus, we hypothesize that ECAD12 has a 4-fold greater 
Kd (lower dimer affinity) because it has more negative charges than does NCAD12. 
 The long term goal of this work is to study the effect of pH on the linked 
equilibria of folding, calcium binding and dimerization in E-cadherin, the sequential 
equilibria that lead to dimerization in vivo (Figure 6).  
	  
Figure 6: Linked equilibrium leading to dimerization in ECAD12.  Protein must fold.  The EC-
domains may have different stability. Calcium binding is required for dimerization.  Dimers form 
at higher protein concentrations. 
 
 My work specifically deals with the effect of pH on the stability of the apo-monomers of 
the 2-domain construct ECAD12, a model system for studying the molecular 
determinants of cell adhesion.  In addition, a simple assay of dimerization is also 
presented and used to test the effect of salt on calcium-dependent dimerization of 
ECAD12.   
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MATERIALS AND METHODS 	  
Protein Expression and Purification  
For our experiments, we used a protein stock of 55.6 µM concentration, cloned 
and expressed in September 2013 by Xiaoyun Howard.  Until use for this project, the 
protein was stored in a -20°C freezer.  We were able to verify the purity of the protein 
using SDS-polyacrylamide gel electrophoresis (PAGE), shown in Figure 7.  The 
concentration of the stock was confirmed with UV spectroscopy, shown in Figure 8.  The 
protein stock was stored in buffer comprised of 20 mM HEPES and 140 mM NaCl at pH 
7.4.  
 
Figure 7: SDS-polyacrylamide gel electrophoresis (PAGE).  17% PAGE with a 29:1 acrylamide 
to bisacrylamide ratio, photographed using a GelDoc system (BioRad).  The far left column is the 
standard for molecular weight (kD), with bands ranging, from bottom to top, 14.4 kD, 18.4 kD, 
25.0 kD, 35.0 kD, 45.0 kD, 66.2 kD, 116.0 kD.  Column two was left blank, column three 
contains ECAD12 pre-digest, column four and five both contain ECAD12 post-digest.   
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 Figure 7 shows the molecular weights of three samples of our stock of ECAD12: 
one pre-digest, and two post-digest.  Initially, the protein is expressed with an N-terminal 
segment that contains a His-Tag intended for purification purposes.  In order to reach the 
protein’s final mature stage for our usage, this N-terminal segment must be cleaved by 
trypsin in the digestion process.  Following digest, 45 amino acids are cleaved from the 
protein, explaining why the two post-digest bands are smaller.  These cleaved bands still, 
however, show a small amount of uncleaved material, less than 5% of the total protein.  
From this gel, ECAD12 has an apparent molecular weight of about 30 kD.  Its actual 
molecular weight is 24.3 kD.  The migration of the protein in SDS-PAGE is typically 
slow, leading to anomalously high estimates of molecular weight.  The actual molecular 
weight has been previously confirmed using mass spectroscopy.  
   
Figure 8: UV-vis Absorption Spectrum of ECAD12.  Path length was 1 cm.  Background was 
corrected by subtracting the absorbance value found at 320 nm from the value at 280 nm.  The 
extinction coefficient was 23,000 cm-1M-1.  From this information, it was determined that the 
stock concentration of ECAD12 was 55.6 µM.  
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The shape of the absorption spectrum in Figure 8 indicates that the protein is 
folded, and that it contains tryptophan.  The slope in the curve, from 280 to 300 nm, is 
indicative of the presence of tryptophan.  The high absorbance at 240 nm is due to 
peptide bonds.   
Diluting Stocks in Solutions for pH Alterations 
 In order to perform experiments on the protein stocks at different pH levels over a 
range of 7.4-5.5, five different solutions of buffer were prepared.  The solutions were 
made at varying concentrations, beginning with the solution for the pH at 7.4, in which 
the protein was dialyzed into a buffer of 2 mM HEPES and 140 mM NaCl.  Going down 
from there, the solutions for the pH 7.0 and pH 6.5 buffers increased the HEPES 
concentration that the protein was dialyzed in to 40 mM with 140 mM NaCl.  The final 
two solutions, made for the pH 6.0 and pH 5.5 buffers, used 40 mM NaOAc (sodium 
acetate), instead of HEPES, with 140 mM NaCl.  Once created, the buffers were adjusted 
to the correct pH value using HCl or NaOH to increase or decrease the sample’s pH as 
needed to reach the desired pH.  We measured pH with a microelectrode attached to a 
Fisher Scientific accumet pH meter calibrated with three solutions of known pH, one 
each at pH 4, 7, and 10.  We found this to be an accurate method for setting the pH of our 
protein stock and buffer solution.  As a control, pH of buffer solutions was monitored in 
order to determine whether or not the solution of 2 mM HEPES at pH 7.4, when diluted 
into a 40 mM diluent buffer of different pH, actually changed the pH of the mixture to 
that of the diluent value. 
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Thermal Denaturation Studies  
 Thermal denaturation experiments were performed to study the effects of 
extracellular pH and the presence of calcium on the stability of ECAD12.   For these 
experiments, we used a circular dichroism (CD) spectrometer, AVIV 202SF.  Solutions 
were prepared at each pH by mixing 182 µL of ECAD12 stock with 1,818 µL of buffer to 
yield a total volume of 2,000 µL for each sample, and a final protein concentration of 
5.06 µM.  Prepared samples were then placed in a 1 cm quartz cuvette that was fitted 
with a temperature probe at the opening.  Each sample was stirred to ensure homogeneity 
of temperature of the mixture.  Prior to each thermal denaturation, a wavelength scan was 
performed in order to determine the best wavelength to use for the scan.  The best 
wavelength was determined based on which wavelength showed the smallest signal-to-
noise ratio for the CD spectroscope.  For each sample we performed, the proper 
wavelength, thus the one that we used, was 227 nm.  We collected data at 1°C intervals, 
starting at 15°C and ending at 95°C.   
 After data were acquired, it was fit to the Gibbs-Helmholtz equation using IGOR 
Pro in the lab.  The fu (fraction of unfolded protein) will vary between 0 and 1 as the 
protein unfolds and must be corrected for the actual span and offset of the experimental 
data using the equation below.  Here, the span is the difference between the unfolded and 
native baselines, and the offset is the native baseline.  The baselines were linear equations 
with slopes and intercepts as fitted parameters. 
𝑲 =   𝒆!𝚫𝑮𝐑𝐓        (1) 𝒇𝒖 = 𝑲𝟏!𝑲       (2) 
Temperature-induced unfolding is controlled by equation (3): 
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 (3) 
Tm is the melting temperature of the protein, ΔHm is the enthalpy of unfolding at the 
melting temperature, and ΔCp is the heat capacity at the melting temperature.  Thus, the 
temperature-induced denaturation experiments were fit to equations (3) and (4). 
      (4) 
Circular Dichroism Spectroscopy 
 CD spectroscopy works by measuring the absorption of circularly polarized light 
by a molecule as a function of wavelength.  The signal given reflects the difference in the 
molecule’s absorption of left- and right-handed circularly polarized light at each 
wavelength.  Differential absorption of polarized light can only be accomplished by 
chiral molecules, making CD spectroscopy useful for the study of proteins, as all amino 
acids, with the exception of glycine, have at least one chiral center.  In addition to the 
chirality of the α-carbon, peptide bonds that link amino acids together are also optically 
active since they have partial double bond character.  They are typically in a trans-
configuration.  Peptide bonds in a protein will arrange themselves in regular secondary 
structures that are also chiral.  Therefore, as the structure of the protein undergoes 
changes, such as denaturation due to an increase in temperature, those changes are 
reflected as a change in the CD signal. 
Predicting pKa Values 
 We used the computer program PROPKA (3.1)15 to predict pKa values of the 
ionizable residues of ECAD12 (propka.org).  PROPKA is an empirical web-based 
program that is able to rapidly predict pKa values of acidic and basic residues.  The 
)ln()1(
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protein databank file (PDB) used to compute the pKa values on ECAD12 was 1FF5, 
retrieved from the RCSB online protein databank (rcsb.org).  PROPKA 3.1 states the pI 
of ECAD12 to be 4.5. 
Dimerization 
 In order to investigate the effect of electrostatic repulsion on the assembly of 
dimer in E-cadherin, we used Size Exclusion Chromatography (SEC), a technique that 
can separate dimer from monomer as long as these two forms are not in fast exchange.  
Using the K14E mutant of E-cadherin, we exploited the very slow exchange between 
monomer and dimer.  Three solutions were prepared of the K14E mutant under different 
solution conditions.  Each solution had a final stock concentration of 40 µM ECAD12 
K14E, and was incubated for four hours.  Following this, the protein was analyzed by 
analytical SEC for dimer formation.  The first solution was the protein in the apo state, 
the second was the protein in the presence of 1 mM Ca2+, and the third was the protein in 
the presence of 1 mM Ca2+ and 1 M NaCl.   
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RESULTS 
 
Thermal Denaturation Studies 
 The thermal denaturation studies were performed via CD spectroscopy to 
investigate the effects of pH on the stability of ECAD12 in three different situations: the 
protein in the apo state, the protein in the presence of calcium, and the protein in the 
presence of salt.  The CD signal was monitored as a function of temperature.  For each 
sample studied, two transitions were seen as the CD signal progressed.  The first 
transition is indicative of EC2 unfolding and the second transition corresponds to the 
unfolding of EC1.  Due to EC2 being the less stable of the two domains, it unfolded first.  
Data from these denaturation experiments were fit to the Gibbs-Helmholtz equation with 
floating baseline parameters.  The results of each denaturation experiment performed in 
the apo-state are seen in Figure 9.  At intermediate pH points (pH 7.0 and pH 6.5), we 
observed an increase of background noise in the CD signal, which we believe to 
correspond with the higher concentration of HEPES used to dialyze the protein for those 
buffers. 
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Comparison of Temperature Denaturations 
from pH 7.4 to pH 5.5
Temperature
20 40 60 80
C
D
 S
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l, 
22
7 
nm
-20
-15
-10
-5
0 pH 7.4 pH 7.0 
pH 6.5 
pH 6.0 
pH 5.5 
 
Figure 9: Thermal Denaturations ECAD12 in the Apo-State.  pH 7.4 (back), pH 7.0 (red), pH 6.5 
(green), pH 6.0 (yellow), pH 5.5 (blue).  CD signal taken at 227 nm.  First transition corresponds 
to EC1, second transition corresponds to EC2.  Data show that pH had no significant effect on the 
stability of ECAD12. 
 
Thermal denaturation data were fit to Eqs (3) and (4) with the parameters ΔHm, Tm and 
baseline slopes and intercepts allowed to vary with exceptions noted below.  ΔCp was 
fixed in the fits to 1 kcal/Kmol.  Transition 1 native and denatured baseline parameters 
were allowed to vary.  Transition 2 native baseline was fixed to the values for the 
denatured baseline from transition 1.  The slope for the denatured baseline of transition 2 
was fixed to zero.  Two denaturation profiles at each pH were fit simultaneously to 
resolve the global parameters reported in Table 2.  Due to poor signal to noise in the data 
sets from pH 7.0 to 6.0, we have low confidence in the resolved parameters.  If we 
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consider whether there is a trend between 7.4 and 5.5, we see that for transition 1, ΔHm 
decreases and Tm increases, a compensatory effect that leads to ΔΔG value at 25°C of 
zero.  This is in contrast to transition 2, which shows a decrease in both ΔHm and Tm 
leading to a ΔΔG value of about 1.5 kcal/mol, indicating the EC1 is more stable in lower 
pH solutions.  These results imply that there is an attractive electrostatic interaction that 
is decreased as pH is decreased.   
Table 2:  Summary of Results from Global Analysis of 2 runs at each condition pH	   ΔHm	  (kcal/mol)	   Tm	  (°C)	   ΔHm	  (kcal/mol)	   Tm	  (°C)	  7.4	   63	  ±	  7	   32.7	  ±	  0.4	   43	  ±	  2	   66.7	  ±	  0.2	  7.0	   33	  ±	  2	   36.2	  ±	  0.3	   40	  ±	  10	   63	  ±	  3	  6.5	   39	  ±	  3	   32	  ±	  1	   36	  ±	  5	   65	  ±	  2	  6.0	   70	  ±	  10	   34.2	  ±	  0.4	   25	  ±	  4	   61	  ±	  3	  5.5	   49	  ±	  8	   36	  ±	  1	   27	  ±	  3	   62	  ±	  1	  
 
Figure 10 shows the denaturation experiments performed in the apo-state at the 
two extremes of our tested pH range compared with the CD run performed in the 
presence of salt.  First, if one compares only data at pH 7.4 to that at pH 5.5, it looks as if 
the pH 5.5 data set (red) is shifted to higher temperature.  This shift is not borne out in the 
resolved parameters in Table 2 in which transition 1 does shift to increased Tm, but 
transition 2 does not.  When salt is present in the buffer, there appears to be an effect on 
transition 1, but not on transition 2.  The results of the salt dependent studies are 
interesting in that there is a domain-specific effect.   
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Comparison of Temperature Denaturations 
 pH 7.4, pH 5.5 and added salt
Temperature
20 40 60 80
C
D
 S
ig
na
l, 
22
7 
nm
-20
-15
-10
-5
0 pH 7.4 pH 5.5 
1M NaCl 
 
Figure 10: ECAD12 Temperature Denaturations in the Apo State at pH 7.4, pH 5.5, and in the 
Presence of Salt.   
 
Predicting pKa Values 
 Table 3 records the results of predictions of pKa values and solvent exposure of 
charged residues in ECAD12 as calculated by PropKa15 and GetArea16 and described in 
the Methods chapter.   
Table 3.  % Exposed surface area of anionic residues in ECAD12 calculated by GetArea.  pKa 
values given by PropKa. 
Residue Predicted 
pKa 
Model 
pKa 
% Exposed 
Surface Area 
D1 4.33 3.80 29.4 
D29 3.59 3.80 44.2 
D44 1.99 3.80 43.3 
D67 3.34 3.80 51.8 
D90 3.96 3.80 99.1 
D100 4.75 3.80 0.7 
D103 2.14 3.80 28.5 
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D134 4.06 3.80 0.1 
D136 6.87 3.80 0 
D137 3.57 3.80 14 
D138 3.70 3.80 63.7 
D154 4.05 3.80 75 
D168 3.83 3.80 76.2 
D180 4.13 3.80 53.7 
D195 6.32 3.80 0 
D213 3.91 3.80 46.7 
D216 3.72 3.80 100 
E11 8.62 4.50 0 
E13 6.19 4.50 18 
E16 4.49 4.50 100 
E31 4.47 4.50 56.6 
E54 4.15 4.50 56.6 
E56 4.38 4.50 58.4 
E69 0.24 4.50 21.4 
E86 4.60 4.50 78.8 
E89 4.66 4.50 21.3 
E93 4.34 4.50 50.1 
E107 4.70 4.50 82.8 
E111 4.40 4.50 91.3 
E114 4.68 4.50 70.8 
E119 4.35 4.50 30.1 
E156 4.66 4.50 60.7 
E182 4.68 4.50 96.8 
E199 4.45 4.50 77.2 
H79 5.83 6.50 31.4 
H159 6.06 6.50 43.1 
 
We can make the following general observations.  First, for those residues that 
have at least 65% solvent accessible surface area, the predicted pKa values had an 
absolute deviation of only 0.204 from the canonical value (range: -0.01 to +0.88).  
Second, as shown by the PropKa data, the predicted pKa for some of the glutamate and 
aspartate residues can be several pKa units different from the known canonical value, 
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particularly if the amino acid is buried.  The absolute deviation in predicted pKa from 
canonical values for pKa of aspartate and glutamate residues with less than 20% 
accessible surface area is 1.834 pKa units (range: -0.23 to 4.12).   
There are three binding sites that comprise the calcium-binding pocket between 
domains 1 and 2 of ECAD12.  Within the pocket are the anionic residues E11, D67, E69, 
D103, D134, and D136.  Their requirement for calcium binding means they play an 
important role in the adhesion mechanism of E-cadherin; their negatively charged 
carboxyl groups make up the binding sites where the positively charged calcium sits.  
Prediction of pKa values for residues required for calcium ligation is notoriously difficult.  
Nonetheless, the predicted pKa values vary over a large range (0.24 to 13.09) with an 
average deviation from the canonical values of 0.667.  We might expect that the actual 
pKa values would vary to accommodate the charges from the calcium ions and their close 
proximity in the calcium binding pockets.  The glutamate, aspartate, and histidine 
residues have canonical pKa values in the pH range tested in our studies.   
Dimerization Studies  
 Figure 11 shows the SEC results of experiments regarding the formation of dimer 
by ECAD12 as a function of solution conditions.  As described in the Material and 
Methods section, if monomer and dimer are in slow exchange, they will elute from the 
column as distinct peaks.  Dimer elutes first since it is the larger species.  Monomer 
follows.  The level of each is quantitated as the height of the peak.  Concentrations of 
monomer and dimer can be used to estimate a dimer dissociation constant.  We observed 
that the level of dimer increased with calcium added.  In the presence of calcium and 
NaCl, there was a greater increase in the fraction of dimer.   
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Figure 11.  SEC Chromatogram of E-cadherin K14E.  This chromatogram depicts the effects of 
several different conditions on the dimer assembly of the E-cadherin molecule.  Calcium induces 
formation of more dimer.  Addition of NaCl promotes even more calcium-dependent dimer 
formation.  Experiments run and data compiled by Christopher Fox. 
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DISCUSSION 
 Epithelial cadherin functions as the transmembrane component of adherens 
junctions, cell-cell adhesions that link the actin cytoskeletons of cells in epithelial tissues.  
Due to E-cadherin’s physiological importance in regards to cancer, the development of 
tissues, and inhibitory neurological synapses, our laboratory is interested in the molecular 
basis of the protein-protein interactions leading to cellular adhesion mediated by E-
cadherin.  By studying the effects of changes in pH in the microenvironment in which 
adhesion occurs, we hope to have a better understanding of how pH affects the adhesion.   
 Prior to our studies, we expected acidification of the extracellular environment to 
lead to a more stable molecule, a decreased affinity for calcium binding, and a subsequent 
decrease in dimerization.  Surprisingly, our thermal denaturation experiments indicated to 
us that the stability of EC2 did not seem to increase, but rather stayed the same as pH 
ranged from 7.4 to 5.5.  Originally, this led us to think that perhaps electrostatics did not 
play a role in stability of the protein; however, when running the same experiment in the 
presence of a high concentration of salt, we were able to observe a small increase in the 
stability of EC2.  This indicates that electrostatics do indeed play a role in stability, but 
that perhaps the pH range in which our experiments were performed did not correspond 
to the pH needed to see this effect.  Analysis of the transition corresponding to unfolding 
of EC2 indicated some salt dependent change toward increased stability.  This effect is 
interesting but needs support from other methods in order to determine if it is meaningful.  
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Since extracellular pH in humans is normally between 7.4 and 7.2, and does not typically 
dip below 6, these results seem to indicate that protonation of anionic residues may lead 
to a more stable molecule, but that the pKa of the residues needing to be protonated lies 
outside the physiologically relevant range.  
 The increase of background noise that we saw at intermediate pH values is most 
likely indicative of background absorbance by the diluent buffers. 
In a later experiment performed in our lab by Christopher Fox, dimerization was 
observed in three different solutions of the K14E E-cadherin mutant.  A distinct increase 
in dimerization was seen in the protein when calcium and sodium chloride were 
introduced in the extracellular environment.  Based on these studies, it was determined 
that NaCl has a shielding effect on the charged amino acid residues, thereby reducing 
electrostatic repulsion existing between two E-cadherin protomers and promoting dimer 
assembly.  Our interpretation of these data is that, while we previously saw only a small 
effect of electrostatic repulsion on the stability of E-cadherin, we were able to observe a 
larger effect on dimerization of the protein.  
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Figure 12. Comparison of Charged 
Residues.  EC1 is the upper domain while 
EC2 is the lower.  Protomers are oriented to 
shown the face of EC1 that is buried in the 
strand swapped dimer.  The NCAD12 
protomer is shown with the βA-strand 
opened such that the W2 residue is 
exposed.  Anionic residues are shown 
colored red, while cationic residues are 
depicted in blue.  As you can see, ECAD12 
contains a higher number of charged amino 
acids than NCAD12.   
 
It is interesting to compare the salt-induced increase in dimer affinity in the 
studies of ECAD12 to those of NCAD12 by Jungles et al17.  We were expecting a larger 
salt dependent effect in ECAD12 than we observed in NCAD12, but that was not the 
case.  Figure 12 illustrates a comparison of the surfaces comprising the adhesive dimer 
interfaces of NCAD12 and ECAD12.  It is clear that the ECAD12 structure has more 
charged residues at the top of EC1, which is in contact between protomers in the strand-
swapped structure.  The fact that there is not a larger salt-dependent effect in either the 
stability of the monomer or in the formation of dimer contradicts the hypothesis that 
dimerization affinity in classical cadherins is attenuated by electrostatics. 
  
 	  	   25	  
 
 
BIBLIOGRAPHY 1.	   Benson,	  D.	  L.,	  and	  Tanaka,	  H.	  (1998)	  N-­‐cadherin	  redistribution	  during	  synaptogenesis	  in	  hippocampal	  neurons.	  The	  Journal	  of	  neuroscience	  :	  the	  
official	  journal	  of	  the	  Society	  for	  Neuroscience	  18,	  6892-­‐6904.	  2.	   Cavey,	  M.,	  and	  Lecuit,	  T.	  (2009)	  Molecular	  bases	  of	  cell-­‐cell	  junctions	  stability	  and	  dynamics.	  Cold	  Spring	  Harbor	  perspectives	  in	  biology	  1,	  a002998.	  3.	   Chothia,	  C.,	  and	  Jones,	  E.	  Y.	  (1997)	  The	  molecular	  structure	  of	  cell	  adhesion	  molecules.	  Annu	  Rev	  Biochem	  66,	  823-­‐862.	  4.	   Nagar,	  B.,	  Overduin,	  M.,	  Ikura,	  M.,	  and	  Rini,	  J.	  M.	  (1996)	  Structural	  basis	  of	  calcium-­‐induced	  E-­‐cadherin	  rigidification	  and	  dimerization.	  Nature	  380,	  360-­‐364.	  5.	   Schrodinger,	  L.	  (2010)	  The	  PyMOL	  Molecular	  Graphics	  System,	  Version	  1.3r1.	  
www.pymol.org.	  6.	   Shapiro,	  L.,	  Fannon,	  A.	  M.,	  Kwong,	  P.	  D.,	  Thompson,	  A.,	  Lehmann,	  M.	  S.,	  Grubel,	  G.,	  Legrand,	  J.	  F.,	  Als-­‐Nielsen,	  J.,	  Colman,	  D.	  R.,	  and	  Hendrickson,	  W.	  A.	  (1995)	  Structural	  basis	  of	  cell-­‐cell	  adhesion	  by	  cadherins	  [see	  comments].	  Nature	  
374,	  327-­‐337.	  7.	   Pokutta,	  S.,	  Herrenknecht,	  K.,	  Kemler,	  R.,	  and	  Engel,	  J.	  (1994)	  Conformational	  changes	  of	  the	  recombinant	  extracellular	  domain	  of	  E-­‐	  cadherin	  upon	  calcium	  binding.	  Eur	  J	  Biochem	  223,	  1019-­‐1026.	  
 	  	   26	  
8.	   Boggon,	  T.	  J.,	  Murray,	  J.,	  Chappuis-­‐Flament,	  S.,	  Wong,	  E.,	  Gumbiner,	  B.	  M.,	  and	  Shapiro,	  L.	  (2002)	  C-­‐cadherin	  ectodomain	  structure	  and	  implications	  for	  cell	  adhesion	  mechanisms.	  Science	  296,	  1308-­‐1313.	  9.	   Harrison,	  O.	  J.,	  Corps,	  E.	  M.,	  Berge,	  T.,	  and	  Kilshaw,	  P.	  J.	  (2005)	  The	  mechanism	  of	  cell	  adhesion	  by	  classical	  cadherins:	  the	  role	  of	  domain	  1.	  J	  Cell	  
Sci	  118,	  711-­‐721.	  10.	   Vunnam,	  N.,	  and	  Pedigo,	  S.	  (2011)	  Calcium-­‐induced	  strain	  in	  the	  monomer	  promotes	  dimerization	  in	  neural	  cadherin.	  Biochemistry	  50,	  8437-­‐8444.	  11.	   Perilli,	  G.,	  Saracini,	  C.,	  Daniels,	  M.	  N.,	  and	  Ahmad,	  A.	  (2013)	  Diabetic	  Ketoacidosis:	  	  A	  Review	  and	  Update.	  Curr	  Emerg	  Hosp	  Med	  Rep	  1,	  10-­‐17.	  12.	   Adeva-­‐Andany,	  M.,	  López-­‐Ojén,	  M.,	  Funcasta-­‐Calderón,	  R.,	  Ameneiros-­‐Rodríguez,	  A.,	  Donapetry-­‐García,	  C.,	  Vila-­‐Altesor,	  M.,	  and	  Rodríguez-­‐Seijas,	  J.	  (2014)	  Comprehensive	  review	  on	  lactate	  metabolism	  in	  human	  health.	  
Mitochondrion	  17,	  76-­‐100.	  13.	   Gerweck,	  L.	  E.,	  and	  Seetharaman,	  K.	  (1996)	  Cellular	  pH	  gradient	  in	  tumor	  versus	  normal	  tissue:	  potential	  exploitation	  for	  the	  treatment	  of	  cancer.	  
Cancer	  Res	  56,	  1194-­‐1198.	  14.	   Krishtal,	  O.	  A.,	  Osipchuk,	  Y.	  V.,	  Shelest,	  T.	  N.,	  and	  Smirnoff,	  S.	  V.	  (1987)	  Rapid	  extracellular	  pH	  transients	  related	  to	  synaptic	  transmission	  in	  rat	  hippocampal	  slices.	  Brain	  research	  436,	  352-­‐356.	  15.	   Olsson,	  M.	  H.,	  Søndergaard,	  C.	  R.,	  Rostkowski,	  M.,	  and	  Jensen,	  J.	  H.	  (2011)	  PROPKA3:	  consistent	  treatment	  of	  internal	  and	  surface	  residues	  in	  empirical	  p	  K	  a	  predictions.	  Journal	  of	  Chemical	  Theory	  and	  Computation	  7,	  525-­‐537.	  
 	  	   27	  
16.	   Fraczkiewicz,	  R.,	  and	  Braun,	  W.	  (1998)	  Exact	  and	  efficient	  calculation	  of	  the	  accessible	  surface	  areas	  and	  their	  gradients	  for	  macromolecules.	  J.	  Comp.	  
Chem.	  19,	  319-­‐333.	  17.	   Jungles,	  J.	  M.,	  Dukes,	  M.	  P.,	  Vunnam,	  N.,	  and	  Pedigo,	  S.	  (2014)	  Impact	  of	  pH	  on	  the	  Structure	  and	  Function	  of	  Neural	  Cadherin.	  Biochemistry	  in	  review.	  
 
 
